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Introduction 
 
Metal oxide thin films play an important role in many applications due to the wide range 
covered by their optical, mechanical, structural, chemical and electrical properties. Most of them 
are characterized by a wide bandgap (>3 eV) and high transparency, while their refractive index, 
response to an external voltage, conductivity and crystallinity depend on the specific metal 
oxide. The most widespread applications of the metal oxide thin films, based on each of these 
properties are: optical coatings (Al2O3, TiO2...) [1], electrochromic windows (WO3, MoO3, 
V2O5…) [2, 3], piezoelectric sensors (PZT, ZnO…) [4, 5], gate dielectrics in CMOS devices 
(SiO2, Al2O3…) [6] and others.  
An interesting class of MOs is the Transparent Conductive Oxides (TCOs), which combine 
the wide bandgap, characteristic to dielectrics, with the low electrical resistivity (<10
-3
 Ωcm), 
characteristic to metals. They are highly transparent in the visible region and highly reflective in 
the near infrared. Nowadays the most researched TCOs are tin oxide (SnO2), indium oxide 
(In2O3) and zinc oxide (ZnO). 
In addition to their optoelectronic proprieties, the zinc oxide has many remarkable features 
such as: mechanical, chemical, thermal, magnetic, piezoelectric, catalytic proprieties, its non-
toxicity and low cost fabrication. All these proprieties make it an important material for several 
applications especially in form of thin films. 
The proprieties of ZnO thin films depend on their deposition technologies. Various deposi-
tion techniques have been employed to grow polycrystalline zinc oxide thin films such as: 
PVD (physical vapor deposition), CVD (chemical vapor deposition). 
Regardless of the technique that used in the deposition, the obtained films are extremely 
sensitive to the elaboration conditions. Among the new explored ways, there is the spray pyroly-
sis technique (SPD); it is a simple technique, not sophisticated and especially inexpensive. 
 According to the generation mode of the droplets, this method has the advantage of pro-
ducing oxide materials with a good homogeneity of deposition on surfaces which can be wide, 
having a rough aspect and a considerable deposition rates.  It has also the advantage of a good 
control of the doping rate and does not require significant equipment compared with the vacuum 
deposition methods. All those make it a potential and promised method to produce thin films 
with good quality. 
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In this context that our main goal in this research task is the realization and the improve-
ment of an ultrasonic spray pyrolysis system to make it useful for the elaboration of thin films.  
According to the literature the deposition of ZnO in thin layers can be carried out by vari-
ous techniques, but the quality is not always the same, where the properties vary between the 
more or less definite limits. For the same process, the differences between the properties meas-
ured in various laboratories are often appreciable, maybe due to the difference in the controlling 
parameters.  
Therefore the optimization of any deposition system, even in the sophisticated processes, is 
necessary before any work in order to obtain the best results. 
 Our work was carried out at the electro-deposition laboratory in University of Biskra. In 
first time we interested to the improvement of our ultrasonic spray system by combination with 
pneumatic system, in same time we worked at the adjustment of the deposition parameters in 
order to realize reproducible deposition. Then we started to optimize the elaboration condition of 
this new deposition system. 
This work also comprises three chapters: 
 The first chapter includes a theoretical presentation of the properties of transparent conduc-
tive oxides, in particular zinc oxide and its applications in the form of thin films. 
 The second chapter includes brief description of some deposition technologies of thin films 
as well as structural, optical and electric methods of characterization used in this work. 
 The third chapter is devoted to the presentation of the technique of deposition per ultrason-
ic spray pyrolysis and our improvements on it. We interested, thereafter, at the elaboration 
and the study of the effect of deposition parameters: the flow rate, the distance between the 
atomizer and the substrate and the air pressure on the physico-chemical properties and op-
toelectronics of the elaborated films. Thus we determined the optimum values of these ela-
boration conditions. 
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I.1. Introduction: 
The basic Electromagnetic Theory (Maxwell’s equations) does not permit a ma-
terial to be both electrically conducting and optically transparent simultaneously. Opti-
cally transparent materials tend to be electrical insulators by virtue of their large band 
gaps (>3.1 eV). However, Transparent Conductive Oxides (TCOs) is a group of mate-
rials with unique physical properties. Despite their large band gaps (>3.1 eV), the 





The history of TCO starts from 1907, with the discovery of Cadmium Oxide 
(CdO) thin film by a German scientist Karl Baedeker [1]. Due to small bandgap, trans-
parency of CdO was too low to be used for practical applications. The practical use of 
TCO started with discovery of tin-doped In2O3 in 1954 by G. Rupprecht [2]. In 1960s, 
it was recognized that thin films composed of binary compounds such as ZnO, SnO2, 
In2O3 and their alloys were also TCOs [3]. In addition to binary compounds, the ter-
nary compounds such as Cd2SnO4, CdSnO3 and CdIn2O4 were developed as TCO ma-
terials prior to 1980. In 1980s, impurity-doped ZnO such as ZnO:Al and ZnO:Ga along 
with abundant of binary compounds were developed. In 1990s, new TCO materials 
consisting of multicomponent oxides, like combination of ZnO, CdO, In2O3 and SnO2, 
have been developed [4]. Among all these TCO materials the tin-doped indium oxide 
commonly known as indium tin oxide (ITO) offers the best available performance in 
terms of electrical conductivity and optical transparency along with excellent environ-
mental stability, reproducibility and good surface morphology [5]. However, due to 
rarity and high price of indium the ITO cannot remain in continuous commercial use 
for device application [6, 7]. All the TCOs mentioned above are just some of the TCO 
materials reported so far. All these TCOs have electrons as majority charge carriers and 
hence known as n-type TCOs. There was no p-type TCO reported until 1993, when H. 
Satu and his co-workers reported NiO as p-type TCO [8]. The second report on CuA-
lO2 as a p-type TCO was published in 1997, by H. Kawazoe et al., with considerable 
improvements over NiO [9]. This opened the development of a series of p-type TCOs 
[10]. However, until now no efficient p-type TCO having optoelectrical properties 
comparable to its n-type counterpart is available. If there would be an efficient p-type 
TCO, it can be used as alternative to ITO along with the fabrication of transparent pn-
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junction which will lead to a new generation of electronics known as “transparent elec-
tronics”. 
In the literature there are many interesting reviews which summarize all pub-
lished works as well as a very complete study of the properties of these materials and 
their methods of preparation in last decades such as Vossen [11], Haacke [12], and 
Chopra et al [13]. 
I.2. Electrical Conductivity: 
TCOs may be n or p-type semiconductors depending upon their charge carrier 
generation mechanism. The conductivity of n-type TCOs is always higher than that of 
p-type due to relative small effective mass of electron in conduction band than that of 
hole in the valence band. 
The most widely used TCOs are n-type with the Fermi level within the conduction 
band. They are conductive and behave like metals. In this case, the materials are called 
degenerate semiconductors; the free electron gas model of solids applies. The resistivi-




 =  
1
𝑒 𝑁 𝜇 
 =  
𝑚
𝑁 𝑒² 𝜏
           (1.1) 
Where N is the free carrier density, μ = eτ/m their mobility, e is the charge of the 
electron, m their effective mass and τ is the relaxation time between two scattering 
events. 
Therefore to obtain a material with high electrical conductivity; high 
carrier concentration and mobility are essential. 





 [14, 15]. This is achieved in TCO by either crystal defects (such as 
oxygen vacancies and/or metal interstitials) or by incorporating extrinsic dopant ele-
ments in the crystalline network. The defects and the dopants act as shallow donor le-
vels. 
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In order to avoid a significant deformation of the crystal lattice, it is necessary 
that the ionic diameter of the introduced atom is as close as possible to that of the subs-
tituted atom. These impurities are generally of valence immediately above (lower for 
the doping of the type p) than that of the substituted atoms. Each one of these atoms 
impurities provides a free electron and is thus regarded as an atom donor [16].   
However, attempt to place a larger number of dopant atoms in the lattice decreas-
es the mobility due to increase in charge carriers scattering by ionized dopant atoms 
[17]. 
Furthermore there are various scattering events determine the mobility of the 
electrons. For bulk single crystalline TCO, the main scattering processes are the fol-
lowing [18, 19, 20]: 
♦ Optical phonon scattering: caused by the interaction of the electrons with the elec-
tric field induced by electric polarization associated with the lattice vibration at optical 
frequencies. 
♦ Acoustic phonon scattering: caused by the interaction of the electrons with the lat-
tice deformations those correspond to pressure waves. 
♦ Piezoelectric scattering: caused by the interaction of electrons with the electric fields 
produced by the strain associated with phonons in the crystal. 
♦ Neutral impurity scattering: caused by the interaction of the electrons with un-
charged defects. 
♦ ionized impurity scattering: due to deflection of free carriers by the potential of a 
charge center originating from doping impurities. As TCO are usually heavily doped. 
This scattering mechanism is generally predominant. Each scattering mechanism 
is described with its own scattering relaxation time τi and mobility μi. 
The total scattering relaxation time τBulk and the total mobility μBulk for the ma-
terial is deduced by applying Matthiessen's rule to the individual scattering relaxation 
times τi and mobility μi: 
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All the scattering phenomena described previously are related to the bulk single 
crystal material. However, thin film TCOs are usually polycrystalline. In this case, an 
additional scattering mechanism occurs due to presence of grain boundaries: the grain 
boundary scattering. Grain boundaries are present in thin film TCO due to polycrystal-
line nature of the film induced by the fabrication process. 
As described by Seto in the case of polycrystalline silicon [21], acceptor centers 
are localized in grain boundaries, which capture electrons from the conduction band. 
The grain boundaries are charged negatively and a space charge region extends into the 
crystallite forming a "back-to-back" Schottky potential barrier [21, 22, 23]. 
I.3. Optical Transparency: 
The optical properties of a material depend on the interaction of the electromag-
netic wave with the electrons of material.  These properties such as transmission (T), 
reflection (R), and absorption (A), are determined by its refractive index (n), extinction 
coefficient (k), band gap energy (Eg) and geometry. Geometry includes film thickness, 
thickness uniformity and film surface roughness. 
In principle, we can calculate the optical spectra (i.e. R, T and A as a function of 
the incoming light frequency) knowing the dielectric function of a material [24]. How-
ever, the most critical and difficult issue is to model the dielectric function itself. 
The Drude dielectric function (is founded on the approximation of the free elec-
tron, in a metal) [25] is not valid for the whole electromagnetic spectrum. Therefore, 
many dielectric function models can be used and even different models can be asso-
ciated to fit experimental data over a broad frequency range. 
In the near infrared region, the Drude model is well suited for the description of 
TCO optical properties. For the UV-visible region, the most commonly used optical 
models are Lorentz, Cauchy, Sellmeier, Tauc-Lorentz and Forouhi-Bloomer [26, 27, 
28, 29]. 
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Figure.1.1. shows the typical calculated reflectance, transmittance and absorp-
tance curves of a TCO using the Drude model (for describing the infrared behavior) in 
addition to a Lorentz oscillator (in order to describe the band gap absorption): 
𝜀 𝜔 =  𝜀∞ −  
𝜔𝑁
2





2  −  𝜔² −  𝑖 Ω 𝜔
     (1.4) 
Where 𝜀∞  is the high frequency dielectric function,  = 1/𝜏 is the damping fre-
quency (τ is the Drude scattering time) and  𝜔𝑁
2  is the unscreened plasma frequency of 
the Drude component, Ω, ΩN and Ω0 are the damping frequency, the plasma frequen-
cy, and the resonant frequency of the Lorentz oscillator. The model considers a finite 
TCO layer deposited on a glass substrate. The model parameters which used to get typ-
ical TCO optical spectra listed in table.1.1. 
Where ωN the unscreened electrons plasma frequency defined by: 
𝜔𝑁




  (1.5) 
Where N is the free electron density, e the electron charge, ε0 the permittivity of 
free space and m the electron effective mass. With analogy with equation.1.6, the opti-
cal mobility μoptic is given by:    
𝜇𝑜𝑝𝑡𝑖𝑐 =  
𝑒
𝑚 
      (1.6) 
It is noticeable that electrical parameters such as the free electron density Noptic 
and the carrier mobility Noptic are present in the dielectric function. 
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Figure 1.1. The calculated transmittance, absorptance and reflectance for a typical TCO [30]. 
 
Thickness (μm) 𝜀∞  (𝑐𝑚
−1) 𝜔𝑁 (𝑐𝑚




1 3.8 7000 475 11000 32000 800 
 
Table.1.1: The parameters of the Drude + Lorentz oscillator model used to obtain the optical 
spectra of figure 2.2 [30]. 
Four separate regions come into view in these spectra; they are labeled 
with roman numbers on figure .1.1. 
♦   In the UV region, i.e. region I, the band gap absorption takes place. 
♦   In the visible and near-IR regions, i.e. region II, the TCO are transparent.   
Several factors limit the transmission in this region: Firstly, the reflection losses 
at the optical interface; secondly, the residual absorption, primarily due to free carrier 
but also to material defects. Finally, interference phenomena take place depending of 
the thickness of the layer. 
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♦ In the infrared region the Drude model explains the optical properties lead-
ing in region III mostly to free carrier absorption and in region IV mostly to 
free carrier reflection. 
The optical bandgap widening or shrinkage is generally attributed to the doping 
level. The optical bandgap widening is due to the optical band filling effect above the 
critical Mott carrier density: a well-know Burstein-Moss effect. This effect is usually 
attributed to the occupation of conduction band, inducing optical transitions at energies 
higher than the fundamental electronic gap. The optical shrinkage is due to electron-
electron interaction and higher carrier concentration i.e., in this case, donor level ap-
proaches the conduction band [31–32]. For a material to be transparent, not only a wide 
fundamental bandgap is important, but there should be no visible light transition be-
tween occupied-unoccupied states inside CB and VB [33]. 
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I.4. Zinc Oxide ZnO : 
I.4.1. Introduction  
Zn is more abundant than In and Sn (94 ppm compared with 0.1 ppm and 2 ppm, 
respectively) and less toxic than Cd, which makes ZnO a desired alternative for the 
most common used TCOs at the moment, i.e., indium tin oxide (In2O3:Sn, ITO), fluo-
rine doped tin oxide (SnO2:F) and cadmium stannate (Cd2SnO4). 
ZnO occurs naturally as the mineral zincite. However, most ZnO used commer-
cially is synthetically produced. ZnO is widely used as an additive in a variety of appli-
cations including ceramics, plastics, cement, glasses, lubricants, paints, pigments, and 
ointments. Recently, due to its semiconducting properties, ZnO has been very attractive 
to researchers as an emerging material for electronics applications. In this chapter, a 
brief review of the structural, optical and electronic properties of ZnO thin films rele-
vant to its microelectronics applications is presented. 
I.4.2. The Structure of ZnO: 
Most of the group II–VI binary compound semiconductors crystallize in either 
cubic zinc blende or hexagonal wurtzite structure where each anion is surrounded by 
four cations at the corners of a tetrahedron, and vice versa. This tetrahedral coordina-
tion is typical of sp
3
 covalent bonding nature, but these materials also have a substan-
tial ionic character that tends to increase the bandgap beyond the one expected from the 
covalent bonding. ZnO is a II–VI compound semiconductor whose ionicity resides at 
the borderline between the covalent and ionic semiconductors. The crystal structures 
shared by ZnO are wurtzite, zinc blende, and rocksalt (or Rochelle salt) as schematical-
ly shown in Figure 1.2. 
Under ambient conditions, the thermodynamically stable phase is that 
of wurtzite symmetry. The zinc blende ZnO structure can be stabilized only 
by growth on cubic substrates, and the rocksalt or Rochelle salt (NaCl) struc-
ture may be obtained at relatively high pressures, as in the case of GaN [20]. 
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Figure 1.2 Stick-and-ball representation of ZnO crystal structures: (a) cubic rocksalt , (b) cubic 
zinc blende , and (c) hexagonal wurtzite . Shaded gray and black spheres denote Zn and O 
atoms, respectively. 
 
The wurtzite structure has a hexagonal unit cell with two lattice parameters a and 
c in the ratio of c/a =  (8/3)= 1,633; (in an ideal wurtzite structure) and belongs to the 
space group 𝐶6𝑣
4  in the Schoenflies notation and P63mc in the Hermann–Mauguin nota-
tion. A schematic representation of the wurtzitic ZnO structure is shown in Figure 1.3. 
The structure is composed of two interpenetrating hexagonal closepacked (hcp) sublat-
tices, each of which consists of one type of atom displaced with respect to each other 
along the threefold c-axis by the amount of u= 3/8= 0.375 (in an ideal wurtzite struc-
ture) in fractional coordinates. The internal parameter u is defined as the length of the 
bond parallel to the c-axis (anion–cation bond length or the nearest-neighbor distance) 
divided by the c lattice parameter. The basal plane lattice parameter (the edge length of 
the basal plane hexagon) is universally depicted by a; the axial lattice parameter (unit 
cell height), perpendicular to the basal plane, is universally described by c. Each sub-
lattice includes four atoms per unit cell, and every atom of one kind (group II atom) is 
surrounded by four atoms of the other kind (group VI), or vice versa, which are coordi-
nated at the edges of a tetrahedron. The crystallographic vectors of wurtzite are: 𝑎  = a 
(1/2, 3/2, 0), 𝑏  = a (1/2, - 3/2, 0), and 𝑐  = a (0, 0, c/a). In Cartesian coordinates, the 
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basis atoms are (0, 0, 0), (0, 0, uc), a (1/2,  3/6, c/2a), and a (1/2,  3/6, [u+1/2] c/a) 
[35]. 
Figure.1.3: Schematic representation of a wurtzitic ZnO structure with lattice constants a in the 
basal plane and c in the basal direction, u parameter, which is expressed as the bond length or 
the nearest-neighbor distance b divided by c (0.375 in ideal crystal), α and β (109.47 in ideal 
crystal) bond angles, and three types of second-nearest-neighbor distances 𝑏1
′ , 𝑏2
′  and 𝑏3
′ . 
I.4.3. Electrical Properties of ZnO: 
Zinc oxide is a II-VI wide and direct bandgap (~3.4 eV) semiconductor. 
According to the mode of preparation and the rate of doping, the value of 
forbidden band and consequently the electric properties can be largely mod-
ified.   
The dominating n-type character in ZnO has often been attributed to the 
presence of intrinsic native defects (O vacancies (V0) and/or Zn interstitials 
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(Zni)). The reactions for creating excess electron carriers can be expressed as 
in equation (1.2); for V0 and Zni respectively: 
𝑍𝑛𝑂 →  𝑍𝑛𝑂(1−𝑋)  +  𝑥𝑉0
+  +  𝑥  
1
2
 𝑂2   𝑔  +  𝑥𝑒
−                      1.7𝑎    𝑤𝑖𝑡𝑕    𝑥 <  1 
𝑍𝑛𝑂 →  (1 − 𝑥) 𝑍𝑛𝑂 +  𝑥𝑍𝑛𝑖
+  +  𝑥 [
1
2
 𝑂2 (𝑔)]  +  𝑥𝑒
−             (1.7𝑏)    𝑤𝑖𝑡𝑕   𝑥 <  1 
However, there is still a great deal of controversy over which of these 
two defects is the dominant cause of the n-type character [36]. Some re-
searchers have suggested that V0 are deep-level states [37, 38] and Zni occur 
as shallow donors (~25 – 30 meV below conduction band) [39].  
Therefore V0 are not likely to be the dominant cause of n-doping in un- 
doped ZnO films. 
I.4.4. Doping in ZnO: 
I.4.4.1. n-type doping: 
In order to extrinsically dope ZnO n-type, Zn or O atoms are usually 
substituted with an atom that has one valence electron more than the atom it 
replaces. Thus, group III elements are potential shallow donors on Zn cation 
sites. Recent reports have demonstrated that boron (B), aluminum (Al), gal-
lium (Ga), indium (In), and fluorine (F) -doped ZnO films can be achieved 
[40, 41, 42, 43, 44], exhibiting both low resistivity and high transparency in 
the visible region. Once degenerate doping has been achieved, excess doping 
does not move the Fermi level any further and only contributes to mobility 
degradation via impurity and grain boundary scattering (as excess metallic 
ions segregate into the grain boundaries and are not activated) [45]. It has 
been predicted that ionized impurity scattering is the major limitation to de-
generate doping in oxide semiconductors, limiting the carrier concentration to 




  [46, 47]. 
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I.4.4.2. p-type doping: 
In this case must be substitute Zn or O atoms by group I elements or 
group V elements respectively. 
The substitution of a Zn cation site with group I elements (lithium (Li), 
sodium (Na), potassium (K), silver (Ag), and copper (Cu)) should result in the 
creation of acceptor states that would induce p-type conductivity [48, 49, 50]. 
This has however been difficult to achieve due to the large density of back-
ground compensating states and partly due to the fact that the acceptor states 
obtained by Zn-site substitution are usually deep levels at room temperature 
(with activation energies of a few hundred meV, much greater than kBT at 
room temperature). In addition, excess impurity atoms occupying the intersti-
tial sites will act as donors, compensating part of the acceptors and also in-
ducing more disorder. As a consequence of these issues, attempts have been 
made to achieve p-type conductivity via substitution with group V elements 
(N, P, As, and Sb) at the O-anion sites [51]. Many reports indicate that this 
may be the only route to achieving p-type conductivity (although the carrier 
concentration is limited to less than 10
18
), and N has been most promising in 
this regard (this maybe due to its close atomic radius to that of the O-atom) 
[52-53]. 
I.4.5. Optical properties and luminescence of ZnO: 
The large optical bandgap (~3.4 eV) of ZnO makes ZnO highly trans-
parent to visible light, its refractive index in the massive form is equal to 2. In 
the form of thin film, its refractive index and its absorption coefficient vary 
according to the elaboration conditions.  The refractive index has a value 
which varies between 1,90 and 2,20 following  the authors. The improvement 
of ZnO stoechiometry   leads to a reduction in the absorption coefficient and 
to an increase in the energy of the forbidden band.  The doped zinc oxide 
classified in TCO.  Very little doped, it can be used in luminescence [54].   
ZnO exposed under an electromagnetic beam or an electrons beam of 
high energy (E > 3.4 eV) emits photons, so called: luminescence phenome-
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non. According to the elaboration conditions and subsequent treatments, var-
ious bands of photoluminescence were observed in: the near UV (350 nm), 
and the visible (green color radiation of wavelength close to 550 nm).  In 
stoechiometric ZnO thin films, the visible luminescence is due to the defects 
which are related to deep level emissions, such as zinc interstitials and oxy-
gen vacancies [55]. Fons et al. [56] reported that the study of the photolumi-
nescence properties of films in the visible region can provide informations on 
quality and purity of material.   
The most desirable feature of zinc oxide is to have the largest exciton 
binding energy of 60 meV as compared to 24 meV for GaN, which is the key 
parameter that enables the UV laser diode and other exciton related light 
emitting devices to be operated at room temperature and makes ZnO a brigh-
ter emitter. Unlike GaN, ZnO can be grown in bulk, at lower temperature than 
it, also compatible with wet etchants and does not need dry etching [57]. 
1.4.6. Applications of ZnO: 
Zinc oxide has been used in many fields over the years, from rubber 
and concrete industries to medicine and cosmetics. More recently, ZnO has 
been implemented in TCO applications, such as solar cells, liquid crystal dis-
plays (LCDs), or heat protecting windows. 
Other advantages of ZnO are the resistance to high energy radiation, 
which makes it suitable for space applications, as well as the stability and 
amenability to wet chemical etching, which can be exploited for the fabrica-
tion of small size devices. Moreover, the high exciton binding energy (60 
meV), makes it a strong candidate for UV light emitters. 
ZnO single crystals with mobility up to 200 cm
2
/Vs have been obtained 
by several groups recently, using vapor-phase, pressurized melt and hydro-
thermal techniques. The availability of high quality ZnO substrates opened 
new possibilities for growing high quality epitaxial GaN, a III-V semicon-
ductor commonly used in UV lasers and diode applications [58], which has a 
very small lattice mismatch, of about 2%, with ZnO. 
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Zinc oxide also proved to be a promising gas sensor, due to the reversi-
ble changes encountered by its surface conductivity upon exposure to differ-
ent gases. Studies performed on ZnO as sensor for combustible gases (H2 
[59], liquid petroleum gas-LPG [60], CH4 [61]), toxic gases (CO [62], H2S 
[61], NOx [63]) have been reported.  
Another interesting class of materials is formed by the dilute magnetic 
semiconductors (DMS), which have been thoroughly studied in the last years 
due to their potential in the spintronics field. DMSs refer to III-V compounds 
(GaN, GaAs, AlN etc.) and II-VI materials (CdTe, ZnSe, CdSe, CdS etc.).  
Among the last ones, ZnO has received special attention since the pre-
dictions of Dietl [64]. Ferromagnetism was obtained by doping zinc oxide 
with various transition metals, such as Mn, Co, V, Sc, Ti, Ni, Cr, Fe or Cu. 
Despite the considerable efforts put in these studies, the exact causes for fer-
romagnetism in ZnO are still not known, since also contradictory results for 
the Curie temperature have been reported.  
A hot topic in the past few years has arisen from the extraordinary 
ability of ZnO to self-assemble into nanostructures. In only few years a large 
variety of nanocrystalline ZnO structures have been reported, such as wires, 
rods, walls, belts, combs, springs, spirals, tetrapods and even cages. The ZnO 
nanostructures can be used in (nano) sensors [65], field effect transistors 
(FETs) [66], lasing [67], hybrid solar cells [68, 69], or for manufacturing 
AFM cantilevers [70]. The techniques used for obtaining the ZnO nanocrys-
talline structures, both catalyst-assisted, such as a vapor-liquid-solid (VLS) 
growth method and molecular beam epitaxy (MBE) or catalyst-free, such as 
MOCVD, aqueous solution growth, and electrodeposition. 
The table below summarizes some properties of wurtzite ZnO:  
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II.1. Thin Film Deposition Methods:  
Thin film deposition is the process of adding a thin layer of one material on 
another. The underlying material on which the layer is added is known as substrate and 
the layer itself is called thin film. Thin films have become a significant part of micro-
electronic circuitry because of their small thickness, i.e. a nearly two-dimensional 
structure, which permits the fabrication of very small devices or microcircuits [72]. 
Thin film technology is based on three foundations; fabrication, characterization and 
applications [73]. Thin films are used for electronic components, electronic displays, 
optical coatings, magnetic data storage, optical data storage, anti-static coating and 
hard surface coatings, etc. There are dozens of thin film deposition techniques for vari-
ous applications. Thin film deposition techniques can be conveniently divided into two 
classes; (1) Physical Vapor Deposition and (2) Chemical Vapor Deposition. However, 
a considerable number of deposition techniques combine both physical and chemical 
processes as-well [74]. 
The common steps to all techniques of film deposition are: 
1. Generating a supply of atoms or molecules from a source that may be solid, liq-
uid or vapor. This is done by supplying energy to the source by heating, by ki-
netic energy from incident energetic particles or by using chemical reaction to 
produce volatile species. 
2. Transport of the constituent atoms or molecules to the substrate. From a tech-
nological point of view, this is the crucial part of a deposition, because the man-
ner of transport determines the quality of the film. 
3. Deposition of atoms or molecules on the substrate. The condition of the sub-
strate surface plays important role in this part of the deposition process. If the 
substrate surface is contaminated with a fraction of monolayer of impurity 
atoms, the surface mobility of the arriving atoms may be effected to an extent 
that the crystal orientation of the film bears little relationship to that of the sub-
strate, and the structure is likely to be polycrystalline. Conversely, if the sub-
strate surface is essentially clean, the arriving atoms are likely to adsorb on sites 
related to substrate orientation, and the film may be preferentially oriented or 
even epitaxial. 
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4. Post-deposition treatment. In this part of the process, a prolonged annealing of 
the film at elevated temperature may yield a film with superior properties as a 
result of crystal grain growth in the film, stress reduction, the changes in compo-
sition produced by diffusion of constituents, etc. 
5. Process analysis. Modern in-situ analytical techniques are used to monitor the 
deposition or post-deposition parameters in order to improve quality of the film 
in term of structure or purity, or both [72]. 
II.1.1. Physical Vapor Deposition Techniques: 
Physical vapor deposition technique is the transfer of atoms and molecules from 
a source to a substrate by a process that relies on physical methods to produce the va-
por species. Physical vapor deposition is carried out in high vacuum to avoid contami-
nation of the film by ambient atmosphere [72]. Some common and well-known physi-
cal vapor deposition techniques are: 
II.1.1.1. Pulsed Laser Deposition (PLD):  
This technique is based on physical vapor deposition processes arising from the 
impact of high-power short pulsed laser irradiation of solid targets that leads to the 
removal of material from the focused zone [75]. PLD is relatively new but very effi-
cient technique to deposit epitaxial films. It is a somewhat costly process, but can pro-
duce high quality films with high accurate thickness control [76]. However, reproduci-
bility, large area deposition and reduction of particulate emission have yet to be im-
proved [75]. 
II.1.1.2. Sputtering:  
This technique relies on the removal of atoms from the target by bombarding the 
target surface with high energetic particles. The target, which is called cathode, is the 
material to be deposited and substrate is referred to as anode [75]. Sputtering is rela-
tively cost-effective compared with PLD and large area deposition is possible by this 
process [76]. 
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II.1.1.3. Thermal Evaporation:  
This process comprises evaporating source materials in a vacuum chamber and 
condensing the evaporated particles on a substrate. Thermal evaporation is convention-
ally called vacuum deposition. Resistive heating is commonly used in this deposition; 
therefore this technique cannot be applied to high melting point materials and poor 
thermal conductors [77, 78]. 
II.1.1.4. Electron Beam Evaporation:  
This technique is an improvement over thermal evaporation in which a preheated 
target is bombarded with a highly accelerated beam of electrons in order to vaporize 
the target. Source electrons as well as secondary electrons trapping and electron beam 
arcing are the problems associated with this technique [78]. 
II.1.1.5. Molecular Beam Epitaxy (MBE):  
This process is based on the deposition of thermal beam of atoms or molecules 
on the clean surface of a single-crystalline substrate held at high temperature under 
ultra high vacuum conditions to form an epitaxial film [79]. MBE is a sophisticated and 
finely controlled method for growing single-crystal epitaxial films in high vacuum. 
Limitations of MBE are the expensive equipment and its complex operation [74]. 
II.1.2. Chemical Deposition Techniques 
A deposition technique, in which chemical components react on the surface of 
the substrate to form a solid film is called chemical deposition technique [80]. In con-
trast to physical deposition technique, the chemical deposition often utilizes inert gases 
and may be carried out at atmospheric pressure [72]. Some of the commonly used 
chemical deposition techniques are: 
II.1.2.1. Chemical Vapor Deposition (CVD):  
The process by which the non-volatile products of a gas phase reaction are al-
lowed to deposit onto a substrate is known as chemical vapor deposition [81]. The 
main feature of CVD is its versatility for synthesizing both simple and complex com-
pounds with relative ease. Fundamental principles of CVD encompass an interdiscipli-
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nary range of gas-phase reaction chemistry, thermodynamics, kinetics, transport me-
chanisms, film growth phenomena and reactor engineering [74]. The advantages of 
CVD include high deposition rate, low price and flexibility in composition control. 
However, due to high deposition temperature, CVD is not suitable for substrates which 
are thermally unstable at high temperatures [82]. 
II.1.2.2. Spin Coating:  
Spin coating process consists of putting the drops of liquid precursor on the sur-
face of a spinning substrate [83]. The film formed on the substrate results from two 
balancing forces: the centrifugal force (due to spinning) which drives the viscous sol 
radially outwards and viscous force (due to friction) which acts radially inwards [84]. 
Spin coating is the cheapest film production method in silicon technology [85]. How-
ever, thinner films (<100 nm) are hard to make and can waste 98% of the process mate-
rials [86]. 
II.1.2.3. Dip Coating:  
Dip coating or immersion coating is a simple old way of thin film deposition by 
immersing a substrate in the solution of the coating material at a constant speed (pre-
ferably judder free). Film thickness is set by the competition among viscous force, ca-
pillary (surface tension) force and gravity. Thickness and uniformity can be sensitive to 
flow conditions of the substrate in the liquid bath and gas overhead. The withdraw 
speed of the substrate, the thicker of the film deposited. Theoretical prediction of 
process performance is more difficult, and the control of the process more demanding 
[87]. 
II.1.2.4. Spray Pyrolysis (SP):  
In this deposition technique, liquid precursors are sprayed by atomization 
processes and condensed by thermal decomposition on substrates maintained at ele-
vated temperatures. The sprayed micro-droplets reaching the hot substrate surface un-
dergo pyrolytic decomposition and form a single crystallite or a cluster of crystallites 
of the sprayed materials. Spray pyrolysis was used as early as 1910 to obtain transpa-
rent oxide films [88]. 
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II.1.2.4.1. Classification of Spray Pyrolysis Techniques: 
Classification of different spray processes could be made in one way based on 
the type of energy source for the precursor reaction such as spray pyrolysis in a tubular 
reactor (SP), vapor flame reactor (VFSP), the emulsion combustion method (ECM) and 
flame spray pyrolysis (FSP) or the method of atomizing the precursor, namely air pres-
surized, electrostatic and ultrasonic spray pyrolysis [89]. In the case that the energy 
source for precursor reaction is an external energy supply and not from the spray itself, 
(as in SP and VFSP), method is less sensitive to the choice of precursors and solvent. 
Different types of solvents are used in spray pyrolysis depending on the type and solu-
bility of the precursors and economic aspects. Nitrates, chlorides and acetates are typi-
cally chosen as the metal-oxide precursors that can be dissolved in aqueous and alco-
holic solvents [88]. 
The other classification for the type of spray pyrolysis is usually attributed to the 
type of the atomizer that is used in the system. Also, the droplet size of the aerosol is 
generally dependent on the atomization method, which in turn determines the film 
quality. There are three major types of atomizers: air blast, electrostatic, and the ultra-
sonic. The spray pyrolysis technique using the electrostatic atomizer is called Electros-
tatic Spray Deposition (ESD), the technique using the air blast atomizer is named Pres-
surized Spray Deposition (PSD), and the technique using Ultrasonic atomizer is gener-
ally recognized as the ultrasonic or normal Spray Pyrolysis (SP). 
Atomizer Droplet size (μm) Atomization rate (cm3/min) 
Pressure 10-100 3-no limit 
Ultrasonic 1-100 
<2 
Electrostatic 0.1-10 0.5-5 
 
Table.2.1: Characteristics of atomizers commonly used in spray pyrolysis [90]. 
Ultrasonic atomization relies on an electromechanical device that vibrates at a 
very high frequency. Only low-viscosity Newtonian fluids could be atomized by pass-
ing over the vibrating surface and the vibration causes the fluid to break into droplets. 
Figure.II.1. shows an example of ultrasonic atomization technology. 
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Figure 2.1: Schematic of an ultrasonic atomizer. 
II.1.2.4.2. Advantages of Spray Pyrolysis: 
In comparison with other thin film deposition methods, spray pyrolysis has many 
advantages including: open-atmosphere process, open reaction chamber, easy access to 
observe the deposition process and adjustment during the experiment. It has also the 
multi-layer fabrication capability which is very attractive for making functionally 
graded films. The composition of the film can be adjusted by changing the precursor 
solutions. Films can be also obtained on large surfaces. Spray pyrolysis is of great 
practical interest in processing dense and porous films, by optimizing the deposition 
variables such as: deposition temperature, substrate temperature, precursor composition 
and concentration, solvent composition, solution flow rate, carrier gas ratio and flow 
rate, etc. One of the major advantages of spray pyrolysis over the vapor-phase routes is 
the possibility of producing multicomponent particles with exact desirable stoechiome-
try in the final product. Depending on the substrate temperature, precursor type, and 
the nozzle-to-substrate distance the droplets can evaporate or decompose completely 
before reaching the substrate, resulting in a process resembling to CVD, or the liquid is 
deposited without evaporation. Burning a flammable precursor may also result in form-
ing a particulate spray or to obtain higher deposition temperatures [91]. 
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II.1.2.4.3. Deposition Processes Involved in Spray Pyrolysis: 
There are too many processes that occur either sequentially or simultaneously 
during film formation by spray pyrolysis for these to be modeled in a straightforward 
manner. These include precursor solution atomization, droplet transport and evapora-
tion, spreading on the substrate, drying and decomposition of the precursor salt. Under-
standing these processes will help to improve film quality. Thin film deposition using 
spray pyrolysis can be divided into three main steps: atomization of the precursor solu-
tion, transportation of the resultant aerosol and decomposition of the precursor on the 
substrate. However, four types of processes that may occur during deposition are 
shown in Fig. 2.2. In process (A), the droplet splashes on the substrate, vaporizes, and 
leaves a dry precipitate in which decomposition occurs. In process (B), the solvent 
evaporates before the droplet reaches the surface and the precipitate impinges upon the 
surface where decomposition occurs. In process (C), the solvent vaporizes as the drop-
let approaches the substrate, then the solid melts and vaporizes (or sublimes) and the 
vapor diffuses to the substrate to undergo a heterogeneous reaction there. This is true 
CVD. In process (D), at the highest temperatures, the metallic compound vaporizes 
before it reaches the substrate and the chemical reaction takes place in the vapor phase 
[92]. 
 
Figure 2.2: Description of the deposition processes initiated with increasing substrate tempera-
ture or the nozzle-to-substrate distance. 
CHAPITRE II                                           Thin Film Deposition And Characterization Techniques 
 
   27 
 
The type of spray technique used in this study is an ultrasonic spray pyrolysis. In 
this method, the precursor solution is atomized into the heated substrate and each ato-
mized droplet serves as a micro-reactor which is delivered by carrier gases (air) to the 
reaction site and undergoes solvent evaporation, decomposition and precipitation to 
form the final product film. 
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II.2. Characterization methods: 
II.2.1. Structural Characterizations: 
II.2.1.1. X-ray Diffraction (XRD): 
We measured the crystallographic orientation of the layers using X-ray diffrac-
tion (XRD) spectroscopy technique. The principle, illustrated in figure (2.3), consists 
of focusing an X-ray beam on the sample with an angle  and measuring the angles of 
diffraction of the scattered beam. 
 
 
Figure 2.3 The schematic diagram of the θ -2θ configuration for XRD measurements. 
 
When Bragg's law (equation 2.1) is verified, constructive interferences are 
formed and an intensity peak is measured. 
2𝑑𝑕𝑘𝑙  𝑠𝑖𝑛 =  𝑛 𝜆                                (2.1) 
Where d is the distance between the lattice plans, λ the X-ray wavelength, n the 
diffraction order, and θ the angle defined on figure 2.3. 
The X-ray spectrometer employed during this study is a  D8 ADVANCE 
BRUKER diffractometer used in the geometry (θ -2θ scans) and equipped with a cop-
per target (CuKα) was used to generate the incident X-rays of wavelength  = 
1.54183A° for the diffraction measurement. 
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X-ray Diffraction (XRD) is a powerful technique used to uniquely identify the 
crystalline phases present in materials and to measure the structural properties (strain 
state, grain size, epitaxy, phase composition, preferred orientation, and defect structure) 
of these phases [34].  
II.2.1.1.1. Determination of Crystallite Size: 
From the XRD pattern, the average crystallite size D could be calculated using the Scher-
er’s formula (2-2): 
𝐷 = 𝑘/ (2𝜃) 𝑐𝑜𝑠 ()                (2.2) 
Where (2θ) is the full width at half maximum (FWHM as in fig.2.4) of the principal peak 
at 2θ (in radians), K = 0.9, is the shape factor of the average crystallite and θ is the Bragg angle. 
 
Figure 2.4: illustration of FWHM determination. 
II.2.1.1.2. Determination of Strains: 
The strains are the internal forces in the matter.  If each crystallite is subjected 
with different strains, there is then a juxtaposition of close peaks which are superim-
posed. If these forces induce deformations of the unit cell (elastic strain), they will vary 
the interreticular distances dhkl and thus shift the position of peaks. If the shift of the 
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peaks is measured with referring to ZnO ASTM file (figure 2.5), one can deduce the 
stress of the sample [102].   
 The recording of the spectrum of sample will enable us to determine the   cell 
parameters.  Indeed to each angle of diffraction corresponds a reticular plan (h, k, l) 
and a distance dhkl in the formula of Bragg.   However we know that for a cell, it exist a 
relation connecting the plans (h, k, l) and it interreticular distances 𝑑𝑕𝑘𝑙  to intervene of 














Figure 2.5: ASTM 36-1451 file of ZnO powder. 






 𝑕2 + 𝑘2 + 𝑕𝑘 + 𝑙2
𝑎2
𝑐2
         (2.3) 
Where a and c are the lattice parameters, 
By this formula, one can determine the parameter c while taking h=k=0, l=2. 
The measurement of the cell parameters will give an indication on the state of stresses 
of films by comparisons with the theoretical values c0 = 5.206 A° of ZnO wurtzite [94].   
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The internal stresses can be calculated starting from the following expressions: 
𝜍 =  2𝑐13
 𝑐11 + 𝑐12 𝑐33
𝑓𝑖𝑙𝑚
𝑐13











For C 11, C12, C 13 and C33 appearing in these formulas, we have used respectively 
values 209,7, 121,1, 105,1 and 210,9 GPa [ 54 ]. 
II.2.1.2. Scanning electron microscopy (SEM): 
The electronic microscope is based on the analysis of the interactions electron / 
matter during the bombardment of the sample by a beam of electrons. 
The basic steps involved in all SEM are the following: A stream of electrons is 
formed in high vacuum (by electron guns). This stream is accelerated towards the spe-
cimen (with a positive electrical potential) while is focused using metal apertures and 
electromagnetic lenses. In the final lens, the SEM contains extra sets of coils that allow 
it to deflect the electron beam back and forth across the sample. 
The interaction between the electrons beam and the sample cause the emission of 
secondary electrons, Auger electrons, backscattered electrons, visible light and X-rays. 
The most common imaging mode collects low-energy (<50 eV) secondary elec-
trons that are ejected from the k-orbital of the specimen atoms by inelastic scattering 
interactions with beam electrons. Due to their low energy, these electrons originate 
within a few nanometers from the sample surface. 
         A JSM-6390LV JEOL microscope is used to visualize the surface of the ZnO 
films. We use the same equipment in EDX mode in order to perform chemical analysis. 
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Figure 2.6: schematic representation of scanning electronic microscopy. 
II.2.1.3. Energy Dispersive X-ray analysis (EDX): 
EDX is an analytical technique which utilizes x-rays that are emitted from the 
specimen when bombarded by the electron beam to identify and quantify the elemental 
composition of the specimen. To explain further, when the sample is bombarded by the 
electrons beam of the SEM, electrons are ejected from the atoms on the specimens sur-
face. A resulting electron vacancy is filled by an electron from a higher shell, and an x-
ray is emitted to balance the energy difference between the two electrons. The EDX x-
ray detector measures the number of emitted x-rays versus their energy. The energy of 
the x-ray is characteristic of the element from which the x-ray was emitted [104].   
The energy dispersive x-ray analysis system is usually attached to a scanning 
electron microscope system (SEM). 
II.2.2. Optical characterization: 
The ratio of the transmitted light intensity I to the incident light intensity I
o
, when 
light is passed through an absorbing film, is given by Beer-Lambert relation: 
𝐼 =  𝐼𝑜 𝑒𝑥𝑝  – 𝛼𝑑         (2.5) 
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Where α is the absorption coefficient and d the thickness of the film.  
The transmittance T (quantity of the transmitted light) can be directly measured, 
where:                                                       T (%) =I/ I
o
. (100)  
And thus, for a film of known thickness, the absorption coefficient can be calcu-
lated from the transmission data. 





𝑇  % 
          (2.6) 
The absorption coefficient α is related to the extinction coefficient k by the equa-
tion:                                                       
𝛼 =  
4𝜋𝑘
𝜆
     (2.7) 
 
Where λ is the wavelength of the light. 
We measured the sample transmittance spectra with dual beam UV-VIS-NIR 
scanning spectrophotometer of type SHIMADZU UV-3101 PC, its operation principle   
is represented in (figure 2.7) 
 
Figure 2.7: schematic representation of spectrophotometer. 
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II.2.2.1. Optical gap determination: 
The fundamental absorption is related to the band-to-band transitions in a poly-
crystalline semiconductor, i.e., to the excitation of an electron from the valence band to 
the conduction band. Therefore, the fundamental absorption can be used to determine 
the energy gap of the semiconductor. 
The absorption coefficient is related to the optical bandgap via Tauc’s relation 
[105]: 
 𝛼𝑕𝜈 2 =  𝐴  𝑕𝜈 –  𝐸𝑔     (2.8) 
Where h is Planck’s constant, ν is the photon frequency; A is constant and Eg is 
the band gap of the film. 
If we plot (αhν)² in function of photon energy E= hν ( with hν (eV) = hc /  = 
12400 / (A)) and with prolonging the linear part of (αhν)2 to x-coordinate axis (i.e., 
(αhν)² = 0), we obtain Eg value (figure 2.8). 
 
Figure 2.8: illustration of band gap determination. 
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II.2.2.2. Localized states and Urbach tails: 
The empirical parameter E00, often referred to as the “Urbach tails‟ has the di-
mensions of energy and is frequently used to determine the film quality (measures the 
degree of disorder in amorphous semiconductors) [106]. Eu is usually used to describe 
the width of the localized states in the bandgap (but not their positions). Pankove has 
shown that the value of Eu is related to the impurity concentration [107]. However, 
Redfield has shown that all defects (point, line, and planar defects) lead to local electric 
fields that cause band tailing. Thus, the Urbach energy can be considered a parameter 
that includes all possible defects [108]. 
In this work, the Urbach tail is used as a parameter for assessing the amount of disorder in 
ZnO films. 
𝛼 =  𝛼0𝑒𝑥𝑝 ( 𝑕𝜈 / 𝐸)                       (2.9) 
By drawing 𝑙𝑛⁡(𝛼) versus hν we can determine Eu value as the reciprocal of the linear part 
slope (figure 2.9): 
𝑙 𝑛 𝛼 = 𝑙 𝑛 𝛼0 +   𝑕𝜈/𝐸          (2.10) 
 
Figure 2.9: illustration of Urbach energy determination. 
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II.2.3. Electrical Characterization: 
II.2.3.1. Two point’s technique: 
The conductivity measurements of solution flow rate series were carried out us-
ing two points method (coplanar) (figure 2-9), where we realized two electrical con-
tacts of gold (electrodes), were separated by 5mm of distance, and were deposited by 
an Edward sputter coater S150B.  
A variable tension V applied between the electrodes of the sample thus creating a 
current I measured using a KEITHELY pico-amperemeter which can measure weak cur-
rents. The slope of the characteristic current-voltage is the value of resistance R, from 
Ohm’s law:  
𝑅 =  𝑉 / 𝐼                                    (2.11) 
This law represents a linear variation between the current and the tension (ohmic 
contact). The calculation of electrical conductivity σ depends on electrical resistance R, 
as well as geometrical parameters (fig.2.10): the distance between electrodes L, the 
thickness d, and the width of film w as follows: 
𝜍 =  (𝐿 / 𝑤.𝑑) (1/𝑅)                 (2.12) 
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Figure 2.10: (a) electrical scheme of system; (b) the dimensions of the film 
 
II.2.3.2. Van der Pauw technique : 
The Van der Pauw technique, due to its convenience, is widely used in the semi-
conductor industry to determine the resistivity of uniform samples. [109] As originally 
devised by Van der Pauw, one uses an arbitrarily shape, thin-plate sample containing 
four very small ohmic contacts placed on the periphery, preferably in the corners, of 
the plate. A schematic of a rectangular Van der Pauw configuration is shown in Figure 
2.11. 
The objective of the resistivity measurement is to determine the sheet resistance 
RS. Van der Pauw demonstrated that there are actually two characteristic resistances 
RA and RB, associated with the corresponding terminals shown in Figure 2.10 RA and 




 +  𝑒𝑥𝑝  −
𝜋𝑅𝐵
𝑅𝑆
 =  1              (2.13) 
This can be solved numerically for RS. 
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The bulk electrical resistivity can be calculated using: 
 = ( .𝑑)/0.69  (𝑅𝐴 + 𝑅𝐵)/2 𝑓(𝑅𝐴/𝑅𝐵)                         (2.14)
Where d is the thickness of the film, f (RA/RB) is a correction factor between 0 and 1 related 
to the ratio RA/RB. 
The Van der Pauw measurements were carried out by PHILIPS multi-meter which can 
measure resistance until 10
6Ω. The contacts were deposited by the same sputter which used in 




Figure 2.11: Schematic of a Van der Pauw configuration used in the determination of the

















ELABORATION AND CHARACTERIZATION OF ZnO 
THIN FILMS BY ULTRASONIC SPRAY PYROLYSIS 
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III.1.Elaboration of ZnO Thin Films: 
Introduction: 
In this chapter, the experimental procedures for developing the novel spray pyro-
lysis system and its application in processing of ZnO thin films based on optimization 
of processing parameters are explained in detail. Through designed set of experiments, 
the range of initial spray conditions which relate to the system such as solution flow 
rate, nozzle-to-substrate distance, and carrier gas (air) pressure, over which the ZnO 
film could be reproducibly deposited on glass substrate was determined. During each 
step, all these deposition parameters were kept constant except for the parameter that is 
going to be investigated. It was verified that some deposition parameters have different 
effects on thin film proprieties. Physical and chemical properties during spray pyrolysis 
are presented and compared with the data available in the literature. Based on these 
results, optimum parameters were concluded. ZnO thin films were successfully depo-
sited on glass substrate. The thin film crystallinity, composition, and microstructure, 
optical transparency and electrical conductivity measurement were characterized by 
XRD, EDS, SEM, UV-VIS spectrophotometer, two points and four points respectively. 
III.1.1. Development of a Novel Spray Pyrolysis System: 
III.1.1.1. Ultrasonic Spray Pyrolysis Setup: 
Fig.3.1 shows the schematic and of the ultrasonic spray pyrolysis setup that has 
been developed in our laboratory. Similar to other spray systems it consists mainly of: 
Ultrasonic generator (SONICS): it contains different electric devices which 
work to generate ultrasonic waves with constant frequency 40 KHz and variable ampli-
tude at the atomizer level. 
Atomizer: It is fabricated from titanium alloy Ti-6Al-4V as piezoelectric trans-
ducer. It makes it possible to transform the solution into a jet of very fine droplets of 60 
µm in average diameter, placed on an adjustable holder in order to control the distance 
nozzle-substrate.   
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A compressor (JUN- AIR, 6-S type): It is the novelty part of our spray pyrolysis 
system which allows compressing the carrier gas (the air). By suitable way it is con-
nected with the nozzle for guiding generated droplets with considerable velocity to-
ward the heated substrate. 
Substrate holder: a hotplate heats by an electric resistance where the tempera-
ture can be controlled and measured by a thermocouple. 
Solution flow rate regulator: it  is  a  small  reserve  of   solution  source  which  
supplies  by gravity  an  ultrasonic  spray  pyrolysis  with  a  low  solution flow rate  
which  can  be controlled by changing the difference of solution level between reserve 
and atomizer.   
Electrical motor: works to move the atomizer back and forth to obtain the same 
proprieties of aligned substrates. 
Other elements: are materials used: syringe (to keep volume level in the solution 
reserve constant), to measure deposition time (chronometer), other laboratory instru-
ment (test tube, burette…) and electronics circuits and transformers. 
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Fig.3.1: Schematic of the ultrasonic spray pyrolysis setup. 
III.1.1.2. Experimental Procedure: 
Before thin films deposition procedure, we started with calibration and sometimes 
operational tests of the deposition system. The goal of this preliminary work is the ad-
justment of our parameters system in order to make the deposition procedure reproduc-
ible. 
For adjusting the solution flow rate and make it controllable, several attempts car-
ried out until we arrived to use the gravitational energy by changing the vertical dis-
tance between the highest level (solution level in the reserve) and the lowest level (ato-
mizer).   
The ultrasonic atomizer which is connected with the ultrasonic generator work to 
fractionate the chemical solution to micro droplets when it passing through the piezoe-
lectric transducer, these droplets falls on the heated substrate but some of them lose 
randomly and do not reach the substrate. In order to avoid this lost amount of solution 
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we added air pressure at the atomizer inlet which allows guiding the generated droplets 
toward the substrate. This additional part makes the deposited amount constant at every 
time.  
When the droplets reach the heated substrate, the chemical reaction starts under 
elevating temperature effect to form the thin film. The temperature measurement car-
ried out by Fer-Constantan thermocouple (J type). This thermocouple is fixed on steel 
holder which putted on a hotplate (electrical resistance 1000 watts). The temperature 
adjustment is realized by using a numerical thermo-regulator (EC 3-133; EVRY CON-
TROL). We selected the holder from steel mater due to its good saving of heat. 
III.1.2. Experimentation:   
III.1.2.1. Preparation of Substrates:   
The substrates used are glass blades of square surface 1.5 X 1.5 cm
2 
and 1mm of 
thickness, which cut out by diamond pen  and cleaning according to the following 
steps:  
- 5min in distilled water. 
- 10min in acetone. 
- 5min in distilled water. 
- 10min in alcohol (ethanol). 
- Drying in furnace. 
The clean of substrates is an important procedure to avoid any contamination which 
effect electrical and optical proprieties. 
We choose glass blades for two reasons:  
- It makes it possible to carry out a good optical characterization of films.  
-After the deposition the samples (substrate + film) will undergo a cooling from 
the higher temperature of deposition at 350° C until the ambient temperature (~25°C) 
which causes shrinkage of two materials which constitute the sample.  In this case, they 
have very close coefficients dilation, then a minimization of the stresses.   
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III.1.2.2 Preparation of Solutions: 
The precursors (for example, nitrates, acetates or chlorides of metal) are dis-
solved in distilled water or alcohol (solvent) to obtain the desired molar concentration. 




These precursor solutions were dissolved in distilled water at constant molar 
concentration C= 0.1 mole.L
-1
 during all experiments by using instruments of laborato-
ry of chemistry at university of Biskra such as test tubes,  flacons,  burettes,… and 
Princeton SA2004B balance with precision of 104g. 
III.1.2.3 Deposition of Thin Films: 
In order to be able to analyze the trend of changing the structural, optical and 
electrical proprieties with variation of one parameter, other deposition parameters 
should be fixed during the experiment and their effects need to be assumed negligible 
during the investigations. 
After the preparation of solution (distilled water + precursor) and filling the solu-
tion reserve until specified level which is kept constant during the deposition time. The 
generated droplets start reacting in the spacing above heated substrate at elevated tem-
perture 250 and 350°C. The chemical reaction occurs as follows:  
ZnCl2(solid)  + H2O(liquid)   ZnO(solid)  + 2HCl(gas). 
 To avoid the thermal crash and the deformation or the breaking of glass sub-
strates we maintain the sample after enough time until the temperature reaches the am-
bient temperature.   
In both D and B series the amplitude of the ultrasonic generator was kept con-
stant at 100%, but in S series we adjust it at 65% to avoid the damage of our generator. 
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D1 0.34 530 
D2 0.48 372 
D3 0.57 315 
D4 0.91 197 
D5 1.4 129 
D6 2 90 























































Table.3.1: Table of spray conditions for all optimization experiments. 
CHAPITRE III                              Elaboration And Characterizations Of ZnO Thin Films By USP       
 
   46 
 
III.2. Results and Discussion: 
Introduction: 
In this part we show the characterization results and their interpretations in order 
to determine the optimum conditions which give best microstructure, composition and 
optoelectronics proprieties for each parameter effect. The parameters which we studied 
their effects on ZnO thin film proprieties are: precursors, solution flow rate, nozzle-to-
substrate distance and air pressure.  
III.2.1. Effect of Solution Flow Rate: 
Through this experiment we changed the solution flow rate from the minimum 
possible value
 
which corresponds 1cm in the difference of solution level for the flow 
rate solution 0.31 ml/min to the maximum possible value which corresponds 25cm in 
the difference of solution level for the flow rate solution 2.85 ml/min when the chemi-
cal reaction didn’t take place because the thermal energy doesn’t be enough for this 
amount of solution therefore the solvent (water) vaporizes and zinc chloride deposits 
on the substrate.  
The effect of solution flow rate on the chemical composition is emerged in 
Fig.3.2. The stoechiometry analysis of the material is difficult because it requires a 
special treatment, also the substrates used (SiO2) can be a source of error in the estima-
tion of   oxygen rate in films.   
These EDS analysis shows the increasing of oxygen atoms against zinc atoms in 
the sample D1 and a rapprochement in the number of these atoms in the sample D5. 
The presence of silicon atoms with considerable amount demonstrates that the rate of 
oxygen atoms come from the film and the glass substrate, therefore the number of oxy-
gen atoms could be less than zinc atoms in our films, especially in the sample D5 than 
D1. 
        D5 surface also contains traces of chlorine are coming from the molecules which 
do not reach the reaction of pyrolysis due to the high flow rate (1.4ml.min
-1
) and little 
amount of calcium atoms maybe come from the glass substrate. 
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Element Wt % At % 
Oxygen 14.77 35.55 
Zinc 62.46 36.78 
Silicon 12.59 17.25 
Chlorine 5.17 5.61 
Calcium 5.07 4.81 
(D1)                                                                       (D5) 
Figure.3.2: EDS spectra of samples deposited at flow rates 0.34ml/min (D1) and 1.4ml/min(D5).  
 
(D1)                                                                         (D5) 
Figure.3.3: SEM micrographs of ZnO films sprayed at flow rate 0.34ml/min (D1) and 
1.4ml/min (D5). 
Element Wt % At % 
Oxygen 26.00 58.94 
 Zinc 74.00 41.06 
Silicon         /       / 
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Scanning electron microscopy (SEM) pictures of these films are depicted in Fig-
ure 3.3. It is observed that the surface morphology of both samples are uniforme.  
Figure 3.4 represents the XRD patterns of the ZnO thin films. As illustrated, for 
all deposition rates the films have the wurtzite polycrystalline structure of ZnO with 
preferred orientation along (0 0 2) at 2θ =34.56 (JCPDS Card N. 36-1451). This pre-
ferred orientation means that the `c` crystallographic axis is perpendicular at the sub-
strate, which means orthogonal growth direction, this plan requires the lowest energy 
of formation [111]. This preferred orientation was observed by other others [112,113].   
We observe appearing of other secondary peaks for higher deposition rates at 2θ= 
36.3°, 47.6° and 62.75° for these orientations (101), (102) and (103) respectively. 
The strongest peak along (0 0 2) is observed at the deposition rate 1.4ml/min and 
the other peaks are so weak; this is attributed to the increasing in the film thickness at 
high deposition rates.  
From these XRD spectra we estimate FWHM (full width at half maximum) and 
stress values which are presented in Figure 3.5. We observe that FWHM of the prin-
cipal peak (002) decreases from 0.198° to 0.192° with increasing the deposition rates 
until 0.48 ml/min, therefore the mean grain size increases from 42.3 to 43.6nm. After 
that it increases to 0,208° for films deposited at deposition rate 2 ml/min, so the mean 
grain size decreases to 40.2nm for the same solution flow rates respectively.  
The stress value changes exhibit a concurrence with FWHM changes; the mini-
mum stress value corresponds with the minimum FWHM for the sample D2 at deposi-
tion rate 0.48ml/min which means the best structure.  
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Figure.3.4: XRD spectra of films deposited at different solution flow rates. 


































Figure.3.5: FWHM and stress variations vs. solution flow rates. 
The figure.3.6 shows the measured transmittance spectra as a function of the wa-
velength in the range 290-800 nm for films deposited at various solution flow rates. We 
observe that the transmittance in the visible range increases from 52% for the low solu-
tion flow rate 0.3 ml/min to values ~60% for 0.48 ml/min due to the improvement in 
cristallinity. Then it decreases particularly with increasing solution flow rate until val-
ues lower than 20% for the high solution flow rate (2ml/min). This decreasing in the 
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transmittance is attributed to the increasing in the deposition rate which increases the 
film thickness and   decreases the cristallinity, the homogeneity and the stoechiometry. 
Actually in the area of strong transmittance, we could obtain interference fringes. 
These fringes are due to the multiple reflections on the two interfaces of film.  The ab-
sence of these interference fringes in our samples is due to the roughness of the free 
face. This roughness causes the diffusion of light instead of the reflection on the inter-
face. The roughness of surface is often a characteristic of films obtained by spray, due 
to the growth mechanism of this technique.   































Figure.3.6: Optical transmittance spectra for films deposited at different flow rates. 
The figure.3.7 shows the variation of the energy gap and Urbach energy for dif-
ferent solution flow rates. The values of energy gap (3.22-3.25 eV) are comparable 
with those given by other authors [114]. We note a broadening of the gap with the rise 
in the solution flow rate. With increasing the deposition rate, the thickness of the film 
deposited increases, also the number of zinc atoms increases versus the number of 
oxygen atoms. So according to" Burstein-Moss ", this broadening is related to the in-
crease in the number of free carriers (electrons) of n-type ZnO thin films. 
Urbach energy decreases with increasing the deposition rate from 0.23 to 0.15eV. 
The disorder is characterized by the width of the localized states in the band gap. The 
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optical gap is the energy gap between the two bands of band tail. Consequently, a re-
duction of disorder is accompanied by a widening by the optical gap.       




























Figure.3.7. Variation of gap energy (Eg) and Urbach energy (E00) for different solution flow 
rates. 
From the technique of two points, we deduced the changes of the electrical con-
ductivity of films deposited at different solution flow rates. These electrical conductivi-
ty values are presented in Figure.3.8. Generally the conductivity increases by increas-
ing the deposition rate due to the increasing in film thickness and the non-
stoechiometry which causes the number of free carriers. These values are comparable 
with those found by Garnier et al [116]. For both films deposited at deposition rates 
0.91 and 2ml/min the film thickness is less than which is before it. 
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Solution flow rate (ml/min)
 
Figure.3.8: Variation of conductivity for different solution flow rates.  
Discussion:  
Solution flow rate is critical factor influencing the mechanism of film growth as 
it determines the time available for a droplet to reach the surface and react before a 
second drop strikes the same area on the surface [110]. With the increase in solution 
flow rate the effect of the temperature decreases, therefore the effect of solution flow 
rate is similar of the effect of the substrate temperature as we shown in Fig.2.2. The 
process at low solution flow rates 0.31 and 0.34ml/min is similar to process (D), the 
process at solution flow rates around 0.48 ml/min is similar to process (C), the process 
at higher flow rates is similar to process (B) and (A). 
We indicated that the film thickness increases with the increase in solution flow 
rate; this could be attributed to the decrease in the ultrasonic atomizer capability when 
the amount of solution is increasing, therefore the air pressure can’t spread the droplets 
as in lower solution flow rates, then the density of droplets increases.    
From the results of this study at the effect of solution flow rate we can deuce that 
the optimum solution flow rate which gives best structural, optical and electrical pro-
prieties is approximately 0.48ml/min. And we will adjust the deposition rate at this 
value in the next experiments.       
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III.2.2. Effect of Nozzle-to-Substrate Distance: 
 Table 3.1 shows the spray conditions for the study of the effect of nozzle-to-
substrate distance on ZnO thin films proprieties. The range of nozzle-to-substrate dis-
tance for formation of a reasonable coating has to be 5-20 cm. However, this range is 
specific for our spray system setup and could be different in other types of spray sys-
tems. 
The effect of nozzle-to-substrate distance on the structural proprieties is pre-
sented in Fig.3.9. All samples shows the wurtzite polycrystalline structure of ZnO with 
preferred orientation along (0 0 2) at 2θ = 34.5. 
It’s obvious that with decreasing in nozzle-to-substrate distance the intensity of 
the principal peak increases, also other secondary peaks appear for distances 8cm and 
5cm at 2θ= 31.85°, 36.25°, 47.56°, 56,52°, 62,85°,67.98° and 72.56° for these orienta-
tions (100), (101), (102), (110), (103), (112) and (004) respectively. These changes are 
attributed to the increasing in film thickness with decreasing nozzle-to-substrate dis-
tances. 
The FWHM changes at different nozzle-to-substrate distances are presented in 
Fig.3.10. We can see that the distance 15.5cm gives the best structure which has the 
minimum FWHM value 0.154°.  































Figure.3.9: XRD spectra of films deposited at different distance nozzle-substrate. 
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Figure.3.10: FWHM variation for different nozzle-substrat distances. 
The figure.3.11 shows the measured transmittance spectra versus the wavelength 
in the range 300-800 nm for films deposited at different nozzle-substrate distances. 
Approximately, we observe that the optical transmittance in the visible region increases 
from T10% to T>80% with increasing the nozzle-substrate distances. This increase is 
due to the decreasing in the film thickness. These values are comparable with other 
results in literature [115]. 
The absence of the interference fringes in these transmittance spectra is due to 
the roughness of the film surfaces. 
Figure 3.12 represents the changes of energy gap and Urbach energy as function 
of nozzle-to-substrate distances. We can observe that the energy gap has the higher 
values Eg= 3.225-3.19 eV for nozzle-to-substrate distances shorter than 15cm, and the 
lower values Eg= 3.13-3.17 eV for distances greater than 15cm. This could be attri-
buted to the decrease in the film thickness and the increase in the number of oxygen 
atoms against zinc atoms with the increase in nozzle-to-substrate distances. 
Urbach energy increases with increasing the nozzle-to-substrate distance from 
0.11 to 0.28eV, the increasing in Urbach energy could be attributed to the shrinkage in 
the energy gap. 
CHAPITRE III                              Elaboration And Characterizations Of ZnO Thin Films By USP       
 






























Figure.3.11: Optical transmittance spectra for films deposited at different nozzle-substrate dis-
tances. 
 




























Figure.3.12: Variation of energy gap and Urbach energy for different distances nozzle-
substrate. 
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Discussion: 
The effect of nozzle-to-substrate distance resembles the effect of temperature in 
type of deposition process that occurs during spray. With the increase in nozzle-to-
substrate distance the decomposition of precursors happens is similar to the increase in 
temperature and the processes change from (A) to (D) as we shown in Fig.2.2. The 
thickness of films increases with the decrease in nozzle-to-substrate distance due to the 
increase in droplets density. 
From the results of this part we can deduce that the optimum nozzle-to-substrate 
distance which exhibits the best structural, optical and electrical proprieties is approx-
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III.2.3. Effect of Air Pressure: 
In order to study the effect of air pressure on ZnO thin film proprieties we pre-
pared 8 samples at different air pressure values, the spray condition of this series are 
summarized in Table 3.1. 
The effect of air pressure on the structural proprieties is presented in Fig.3.13. All 
samples shows the ZnO wurtzite polycrystalline structure with preferred orientation 
along (0 0 2) at 2θ  34.5. The intensity of this principal peak increases with increas-
ing the air pressure, and other secondary peaks appear for pressures 0.3 and 0.35 bar at 
2θ= 31.85°, 36.25°, 47.56°, 56,52°, 62,85°,67.98° and 72.56° for these orientations 
(100), (101), (102), (110), (103), (112) and (004) respectively. These changes could be 
attributed to the increasing in film thickness with increasing in air pressure values. 
The changes of FWHM and stresses at different air pressure values are presented 
in Fig.3.14. We observe that FWHM of the principal peak (002) decreases from 0.172° 
to 0.142° after that it increases to 0.182° for these air pressure values respectively. 
The stress values increases from 0.32 to 1.67 Gpa with increasing in air pressure 
values until the value 0.25 bar. FWHM and stress spectra show that the optimum air 
pressure value is 0.15bar. 
The changes in both air pressure values 0.3 and 0.35bar could be attributed to the 
rise in the amplitude of ultrasonic waves from 65% to 85%. 
The figure.3.15 shows the measured transmittance spectra as a function of the 
wavelength in the range 300-800 nm for films deposited at various air pressure values. 
The optical transmittance in the visible region for all films reduce greatly with decrease 
in wavelength, but we can deduce that is increasing from 40% up to 60-80% with in-
creasing the air pressure until the value 0.15 bar, after that it decreases less than 20% 
with increasing the air pressure. This could be attributed to the changing in structural 
proprieties.      
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Figure.3.13: XRD spectra of films deposited at different air pressure values. 
































 Figure.3.14: FWHM and stress variations vs. air pressure variations. 
The energy gap and Urbach energy changes versus the air pressure changes are 
presented in the figure 3.16.With the increase in air pressure the energy gap values 
show an increase from 3.06 to 3.12 eV for 0.1bar, after that it decreases to 3.03 eV and 
3.06 eV. Urbach energy shows a decrease from 0.54 to 0.31 eV with the increase in air 
pressures from 0 to 0.15bar, after that it increases to 0.45 eV with the increase of air 
pressures. The broadening in energy gap is accompanied with the decrease in disorder 
and with the improvement in the crystallinity and vice versa.      
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Figure.3.15: Optical transmittance spectra for films deposited at different air pressures. 






















Figure.3.16: Variation of energy gap and Urbach energy for different air pressure values. 
The electrical conductivity characterization of samples deposited at different air 
pressures was carried out by Van der Pauw technique. These electrical values are pre-





. With increasing the air pressure from 0.15 to 0.25 bar the elec-
trical conductivity decreases from 2.2*10-4 to 5.1*10-5(ohm.cm)-1. For both pressures 
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be attributed to the increase in the ultrasonic wave amplitude.   
 
  





























Figure.3.17: Variation of conductivity vs. variation of air pressure values.  
Discussion: 
The effect of the air pressure is also similar to the deposition processes which are 
illustrated in Fig .2.2. With the increase in air pressure the speed of droplets increase, 
then the decomposition of precursors take less time, therefore the decomposition 
process changes from (D) to (A). 
By increasing air pressure the atomizer doesn’t have enough time to divide the 
solution, therefore the size of droplets increases, and the spread of droplets decreases, 
then the density of droplets increases, therefore the film thickness increases.  
From the results of this experiment we can deduce that the optimum air pressure 
which gives the best structural, optical and electrical proprieties is approximately 





















The present work was based on the realization of ultrasonic spray pyrolysis system, the ad-
justment and the optimization of its parameters; by using the zinc oxide as a sample to achieve 
that. 
We presented the way which used to improve ultrasonic spray by combination with pneu-
matic spray pyrolysis system and to adjust the flow rate of solution.  
The effect of main deposition parameters which are: flow rate of solution, atomizer to sub-
strate distance and air pressure on the structural, optical and electrical characteristics of zinc 
oxide thin films has been investigated.  
The X-ray diffraction showed good crystallinity where most films have wurtzite polycrys-
talline structure with preferred orientation (002) with mean grain size reaches until D=550°A. 
 The images obtained by scanning electron microscope (SEM) present that the surfaces 
have good uniformity. And the EDX analysis demonstrates purity in chemical composition and 
non-stoicheometric films. 
From uv-visible spectroscopy for optical properties we found that: the optical transmit-
tance can attain high values about 80 % in the visible range of electromagnetic spectrum and the 
energy gap values varies in the range 3.1-3.27 eV. 
Electrical measurements carried out by means of either two points and four points (van der 
Pauw) methods showed that the electrical resistivity is about 10
2 Ω.cm for optimum values. 
The results showed that the optimum values of the studied parameters are around: 0.5 
ml/min of flow rate, 15 cm of atomizer-substrate distance and 0.15 bar of air pressure.   
In the end, these results are in good agreement with other results in literature obtained by 
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The aim of this work is the deposition and the characterization of zinc oxide thin films 
in order to optimize an ultrasonic spray pyrolysis deposition system. 
We realized our deposition system by combination of ultrasonic spray technique with a 
pneumatic spray technique. The motivation for use this technique is its simplicity and 
effectiveness of preparation. The optimization of this deposition system was accom-
plished by studying the effect of the deposition rate, nozzle-to-substrate distance and 
air pressure on the structural, the optical and the electrical proprieties of ZnO thin 
films.  
RESUME : 
Ce présent travail a pour l’objectif de la déposition et la caractérisation des couches minces 
d’oxyde de zinc en vue d’optimisation d’un system de déposition par spray ultrasonique pyro-
lyse. Nous avons réalisé un système de dépôt par le technique spray ultrasonique combiné avec 
un spray pneumatique. La motivation d’utiliser cette méthode est sa simplicité et son efficacité. 
Des séries de film de ZnO ont été élaborés en variant le flux de la solution, la distance atomiseur-





ةيتىصنا قىف تاجىًناب شزنا واظن نيسحت مجأ ني كنزنا ديسكأ ني ةقيقر تاقبع بيسزت ىنإ مًعنا اذه فدهي. ثيح  انًق
طىغضًنا ءاىهناب شزنا ةقيزع عي ةيتىصنا قىف تاجىًنا ايجىنىنكت ةغساىب شزنا ةقيزع جيدب . ةينقتنا هذه وادختسلا عفادنا
 زيثأت ةساردن كنزنا ديسكأ ولافأ ني ةهسهس زيضحت ىت دقو ، اهتيناعفو اهتعاسب ىه: ررذي ةفاسًنا،قفدتنا- ظغض و ةنيعنا مياح
 ىنإ لىصىنا دصق ءاىهناطوزشنا  ةيئىضوزهكنا و ةيىينبنا صئاصخنا مضفأ يغعت يتنا ىهثًنا. 
 
 
 
 
 
